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Water polluted with metals can be harmful to both the ecosystem and public health. This
project's main objective is to produce low-cost, green adsorbents to remove such contaminants
from aqueous solution as a low-cost alternative to activated carbon. Biochar was derived from
Douglas Fir 's rapid pyrolysis, and magnetic biochar was generated by magnetite (Fe3O4)
precipitation from an aqueous solution of Fe3+/Fe2+ on the surface of the biochar after treating with
NaOH solution. Douglas fir and Douglas fir magnetic biochars have a high adsorption capacity.
Chapter I provides an overview of various techniques and methods of manufacturing of
biochars. Chapter II describes the adsorption of molybdenum in the aqueous solution using
Douglas fir and Douglas fir biochar magnetic biochar. The surface chemistry and structure of both
biochars were investigated by SEM, TEM, TEM-EDX, PZC, XPS, XRD, elementary study and
surface area measurements, and Atomic adsorption spectrophotometry to measure the
concentrations of the solutions.
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CHAPTER I
INTRODUCTION
1.1

Water pollution
Nearly 70% of Earth's surface is made up of water, but a minor fraction of the water

resources can be used by humans to meet their needs.1 The scarcity of the planet's water resources
is likely to increase at the current rate of population growth. Increases in population often lead to
increased anthropogenic pollution of water resources from heavy metals,2,3 pesticides,4
pharmaceuticals,5 and dyes,6 among others. Therefore, the need to protect this valuable and
increasing scare resource is growing. Contaminants must be reduced before treated wastewater is
disposed to the environment because of ecological and health risks. Currently, water treatment
methods such as ion exchange, ultrafiltration, membrane purification, chemical precipitation,
adsorption, electrochemical, coagulation, biological treatments, and adsorption are used, but these
techniques are costly and time consuming.7, 8, 9, 10
1.2

Adsorption technology
Adsorption is a fast, low-cost, universal method used for remediation of heavy metals and

other pollutants.8 Numerous adsorbents, including activated carbon, clay, minerals, and zeolites
have been used for remediation of heavy metals. Among these techniques, activated carbon has
been frequently employed because of the large surface area, thermal stability, porosity, and wide
pH application range.7 Regardless of these advantages, its powdered form limits its separation
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from the solution, and its production is expensive.8 Accordingly, the need for inexpensive, readily
available, and easily regenerated adsorbents is vital.
1.3
1.3.1

Biochar
Biochar
Biochar is a carbonaceous compound formed by pyrolysis of organic materials under

reduced oxygen condition (figure 2).11,12 Research on biochar has grown because of its multiple
applications, such as soil amendments, carbon sequestration, bioenergy, and environmental
remediation.13 Biochar has been endorsed as a substitute for the removal of heavy metal from
aqueous media.14 Biochar is economically affordable compared to activated carbon and is often
formed as a byproduct of the biofuel industry.

Figure 1.1

Biochar production methods

Some inorganic pollutants, including heavy metals, are resistant to degradation and can
affect trophic levels by accumulating up food chains.9 Magnetic biochar can be use as part of a
state-of-the-art adsorption technique for wastewater remediation. In this method, a magnet is used
to recover used biochar from the stirred tank process.15
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1.3.2

Biochar production techniques

Biochar differs in its characteristics based on biomass source, production method, and post- and
pretreatments. Biochar is produced from a variety of feedstock materials, including waste from
agriculture, forest, and industries.11,14 Biochar can be prepared via thermal or biological routes,
with thermal processing being the most common method.9 Torrefaction,16 pyrolysis (slow or fast),
and gasification11 and are some examples of thermal processes.
1.3.2.1

Biomass pyrolysis
Pyrolysis (slow or fast) is the heating of biomass in a limited amount of oxygen or a smaller

amount of oxygen than is required for complete combustion. Solids (chars), liquids, and gasses are
produced during the process 17. The product's composition depends on the production conditions,
including temperature, heating rate, and residence time in the hot zone.10 In slow pyrolysis,
biomass is thermally decomposed at a temperature of approximately 300 °C under anaerobic
conditions, while fast pyrolysis typically occurs at a temperature ranging from 400-600 °C and a
residence time of between 1-5 s.18 Fast pyrolysis usually produces more oils and liquids, whereas
slow pyrolysis produces more syngas.19
1.3.2.2

Gasification
Gasification is the partial combustion of a solid in the presence of air or steam at elevated

temperature, typically between 600 to 1000 °C to produce primarily bio-syngas, bio-oil, and
biochar.20 The composition of the product mixture is a function of reaction parameters under which
the biomass is treated, including temperature, atomic size, duration of reaction, pressure, and
composition of the gas. The biomass's partial combustion is achieved by administering a controlled
amount of oxygen into the reaction chamber. The primary gasses produced are carbon monoxide,
3

carbon dioxide, and hydrogen. Gasification produces a significant quantity of the syngas product
but typically less than 10 % of biochar.
1.3.2.3

Torrefaction
Torrefaction is a thermochemical method in which the biomass material is heated under

atmospheric pressure between 200-300°C in the absence of oxygen.21 It does not create adsorbent
chars but torrefied biomass (a brown or black product). The process results in partial
decomposition, which prevents rot of the biomass and induces some water loss.
Table 1.1

Average solid product yield from different biomass processing methods
Process type
Torrefaction
Slow pyrolysis
Fast pyrolysis
Gasification

1.3.3

Temperature/°C
200-300
~300
~500
>900

References
21
18
18
20

Biochar adsorption mechanism
Different interactions may take place between the biochar surface and the metal.

Mechanisms controlling heavy metal and remediation from water treatment include complexation,
physical sorption, electrostatic interactions, ion exchange, and precipitation (figure 3).13,22,23 24
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Figure 1.2

1.3.4

Biochar adsorption mechanism. Adapted from reference 24 with permission from
Taylor & Francis.

Metal adsorption mechanism onto biochar surface
Interactions include surface complexation, co-precipitation, physical adsorption, ion

exchange, and electrostatic attraction.23
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1.3.4.1

Physical sorption
Physical adsorption involves removing heavy metals from the diffusional movement of

metals ions into biochar pores without the formation of chemical bonds such as those associated
with the formation of van der Waals forces of attraction.13
1.3.4.2

Ion exchange
The ion exchange mechanism entails removing heavy metals from contaminated water in

which metal ion replaces positive charge ions found on biochar.13,22 The extent of contamination
and nature of functional groups carried by biochar determined the efficiency of the techniques.
The ionic size, charge differences, and bond characteristics also determine the extent of exchange.
Ions like K+, Na+, Ca2+, and Mg2+ in biochar are responsible for the metal ion exchange with
metallic ions including Zn2+, Cd2+, Hg+, and Pb2+.
1.3.4.3

Electrostatic interactions
Metals can be removed from solution through electrostatic interaction between the charge

on a biochars’ surface and metallic ions.13,23 Biochar surfaces contain functional groups like
carboxylic acid and hydroxyl groups; these groups can interact with metal ions using electrostatic
interactions. This phenomenon, however, is reliant on the pH of the solution.
1.3.4.4

Complexation
Heavy metals are removed from solution via the formation of complexes on the surface

of biochar as a result of its interaction with active groups.13,22,23 The amine groups in the biochar
can form strong chemical bonds with metal ions enhancing adsorption. In this case, the metallic
ions are bound to ligands or through the formation of chelates.

6

1.3.4.5

Precipitation
Another well-known mechanism for the removal of heavy metal by biochar is the process

of precipitation. This process results in the formation of solids on the surface of the biochar
sorbent.13,22 Mineral components of biochar like CO32-, or PO43- add extra surface adsorption sites
and form metal phosphate and metal carbonate precipitates on the biochar surface.
1.4

Thesis objectives
This project aims to understand the absorption properties of Douglas fir biochar and

modified biochar for the removal of molybdenum from aqueous solution. This work included the
modification of Douglas fir biochar with iron compounds to produce magnetic biochar. The
removal properties of this derived biochar have been studied under several different laboratory
conditions. This study permitted an assessment of biochar’s possible impact on the environment
through wastewater treatment.
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CHAPTER II
REMOVAL OF MOLYBDENUM FROM CONTAMINATED WATER USING DOUGLAS
FIR BIOCHAR/IRON OXIDE COMPOSITES
2.1

Abstract
Molybdenum (Mo) is a naturally occurring trace element that is present in drinking water

mostly in the molybdate (MoO42-) form in well water. Recently, the EPA deemed Mo as a potential
contaminant because exposure can lead to health effects such as gout, hyperuricemia, and lung
cancer. In this work, we have assessed the sorptive removal of Mo using Douglas fir biochar
(DFBC) and its chemically-coprecipitated iron oxide analogue (DFMBC). Adsorption was studied
varying the batch sorption conditions; pH, equilibrium time (5 min-24 h), initial Mo concentrations
(2.5-1000 mg/L), temperatures (5, 25, and 40 °C) and equilibrium method. Langmuir capacities
for DFBC and DFMBC (at pH 3, 2 h equilibrium) were in 359.3-487.9 mg/g and 288.3-571.9 mg/g
range, respectively. Adsorbents and Mo-laden adsorbents were characterized by elemental
analysis, BET, PZC, SEM, TEM, EDS, XRD, and XPS. These data suggest that DFBC and
DFMBC can be potential candidates for Mo sorption.
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Scheme 2.1

2.2

Water purification process for molybdenum contaminated water

Introduction
Molybdenum is an important trace element for human health.1 The abundance of Mo in the

earth's crust is 1.5 mg/kg.2 In addition, abundance in the upper crust and the lower crust are 0.61.4 mg/kg and 0.6 mg/kg,3 respectively. Free metal is not naturally abundant, but it can be found
in water, rocks, minerals, and soils. Molybdenum occurs in different oxidation states -II
(2Na2[Mo2(CO)10]), 0 (Mo metal, Mo(CO)6), +I [Na(C6H6Mo)], +II (MoCl2), +III
(Na3[Mo(CN)]6), +IV (MoS2), +V (MoCl5), +VI (MoO3, Na2MoO4) in water, and IV, V and VI
are most crucial in the natural environment.4

92

Mo, 94Mo, 95Mo, 96Mo, 97Mo, 98Mo and 100Mo are

the naturally occurring stable isotopes of Mo and

98

Mo (24%) is the most prevalent.

99

Mo is a

fission product with a half-life of 66 hours, and it is a well-known imaging agent in nuclear
medicine in the manufacturing of 99mTc.4
Molybdate (MoO42-), the most soluble of all Mo compounds5 and the most prevalent
molybdenum oxyanion, exists in different types of wastewater, such as styrene monomer industrial
12

waste (1000 mg/L),6 wastewater effluent from provincial solid waste incinerators (0.95 mg/L)7
and mining water (< 0.1 - 2.2 mg/L).8-10
Molybdenum is utilized in ointments, and as a catalyst and erosion inhibitor. It is also used
in tungsten, pigments, and ceramics production and is a component of steel industries.
Molybdenum is added to cast iron and treated steel for hardness control.11 Molybdenum has been
utilized generally for colorimetric testing in chemical analysis. Molybdenum is dispersed into the
environment through energy generation, manufacturing and farming pollution, for example, fossil
fuel combustion, fly ash debris and mine waste all contribute to Mo pollution.12, 13 Mo is a plant
nutrient and is utilized in farming to amend depleted soils.14 Significant Mo contamination has
already been recorded at the Brenda Mines, British Columbia, Canada; in the San Joaquin Valley,
USA; and at the Wujintang Reservoir, China.15
Mo is an essential nutrient for humans with an adult person prescribed dietary intake of 75250 µg/day.16 Mo can be toxic at high level exposures resulting in digestive tract, development,
anemia, thyroid, bones, kidney, and liver dysfunction and even mortality can result from chronic
high level dietary molybdenum injestion.17 Surface waters near some mines can have molybdenum
contaminations as high as 200–400 µg/L and can be as high as 25 mg/L in groundwater.18 The
limit for molybdenum in drinking water set by the World Health Organization (WHO) is 70 µg/L.14
The official lifetime warning standard of the US-EPA for Mo in drinkable water is 40 µg/L.4
Coagulation-filtration19 and precipitation with ferric irons20 have been demonstrated or are
in use for the remediation of Mo-contaminated water. Mo adsorption to iron oxides like
magnetite,21 maghemite,16 goethite,16,22 hematite,23 and other adsorbents like pyrite,22,24
ferrihydrite,25 kaolinite,26, 27 γ-Al2O3,28,29 modified chitosan resins,30 and ZnCl2 activated coir pith
carbon17 has been developed. However, these methods are not always cost-effective, eco-friendly,
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or efficient.19 It is, therefore, necessary to establish suitable technologies to reclaim molybdenum
from water.
Biochars (BCs) may be used as adsorbents.31 BCs are low cost and easily produced from
waste materials.32 Certain characteristics of BCs including large surface area, chemical
functionality,33 and permeability facilitate the adsorption of toxic heavy metals,31, 34 metalloids and
drugs from water.35-40 Wastewater treatment can be done in batch sorption using magnetized-BC,
where the exhausted adsorbents can be easily collected by a magnet and regenerated.37 Adsorptive
materials with high surface area may cause significant pressure drops in column filtration
applications. Therefore, passing a solution through a column packed with large surface area
biochar minimizes pressure drops, and provides an additional sorption surface for co-existing
contaminants.41 Commercial biochar (Supplied by Biochar supreme, Everson, WA) was used in
the experiment produced from Douglas fir green (wet) wood chips. Biochar is readily available,
cost-efficient, and after the adsorption process, this biochar may be used in soil amendments.
Biochar is considered to be a green material because the original biomass carbon can remain
sequestered as biochar in soil for 1000’s of years before going back to the atmosphere as CO2.42
There are very few studies in the literature for molybdate sorptive removal using biochar
or their nano material deposited analogues.43,44 To best of our knowledge, this is the first work that
reports molybdate sorption to a high surface area commercial biochar or its magnetic analogue.
The primary goals of this research were to prepare Douglas fir BC/magnetite (Fe3O4) composite
and test the potential of DFBC and DFMBC for the sorptive removal of molybdate from water.
Sorption was studied at various pH, sorption time intervals, initial molybdate concentration, in the
presence of potential competitive contaminants, complex water matrices, and equilibrium method
(batch and fixed-bed). In addition, XPS aided sorption mechanisms are proposed.
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2.3
2.3.1

Materials and methods
Reagents and equipment
All the chemicals, reagents, and auxiliaries used were in analytical grade (Sigma-Aldrich)

unless otherwise noted. Ammonium molybdate tetrahydrate (H24Mo7N6O24.4H2O) and Mo AAS
standard (1000 mg/L) solutions were used to prepare stock solutions and AAS calibration series.
Solution pH adjustments were made either using either 0.1 and 1 M HCl or NaOH [Hanna (HI
2211)].
2.3.2

Biochar
Biochar (Biochar Supreme, Everson, WA) used in this work is produced from Douglas fir

waste wood via the gasification process. Chipped, small pieces (3 inches) of green Douglas fir
wood are introduced in a gasifier at 900-1000 0C with a 1-30 s residence time to produce Douglas
fir biochar (DFBC). Larger biochar particles are extensively washed with water to remove ash,
fine particles, as well as other contaminants. The washed biochar is then air-dried, grounded to the
particle size of 0.25-0.3 mm, and stored in a closed glass container until further use.
2.3.3

Preparation of magnetic biochar

Magnetic biochar (DFMBC) was prepared from DFBC following our previous methods.45 A fresh
solution of ferric chloride and FeSO4.7H2O was prepared by adding FeCl3 (~36 g), and
FeSO4.7H2O (~73.2 g) to ~2600 mL, and ~300 mL distilled water respectively for 5 min stirring
at room temperature. The combined solution (~2900 mL) of Fe2+/Fe3+ was prepared by pouring
FeSO4.7H2O solution into FeCl3 solution and stirring (200 rpm) for 5 min at 70-80 oC. Then, this
combined solution was poured slowly into a DFBC slurry (~100 g in ~1000 mL water) with
continuous stirring (55 rpm) for 30 min at 25 °C. The pH of the resulting suspension (~3900 mL)
15

was adjusted to 11 using 10 M NaOH and aged for 24 h at 25 °C. Then, the suspension was filtered
and washed three times with distilled water (~250 mL) and ethanol (~125 mL) to remove any
organic residue. Finally, the material was dried at 60 oC in an oven, and magnetic biochar
(DFMBC) was obtained. DFMBC particles were grounded to 0.25-0.3 mm particle sizes before
using in sorption experiments.

Scheme 2.2

2.3.4

Illustration of the preparation of DFMBC from DFBC

Biochar Characterization
Surface morphology of DFMBC and DFBC was investigated using FE-Scanning electron

microscopy (SEM, 5 kV JEOL JSM-6500F) paired with an energy dispersive X-ray (EDX)
16

detector. A scanning electron microscope (Zeiss, EVO 40) connected with the BRUKER EDX
system is used for EDX analysis. Transmission electron microscopy (TEM) and STEM/EDX
analyses were performed using the TEM JEOL 2100 model and the Oxford X-max-80 detector,
respectively. A TriStar II Plus 3030 surface area analysis system was used to measure the surface
areas of DFMBC and DFBC utilizing BET N2 adsorption capacity (~273 K). XPS analyzes were
conducted using the Thermo Scientific K-alpha XPS instrument. To obtain XRD patterns, the
Rigaku ultima III instrument (Cu-K = 1.54 Å) was used for both DFMBC (~6.50) and DFBC
(~9.20). Calculation of the point of zero charges (PZC) for DFMBC (~6.55) and DFBC (~9.24)
used the pH drift method.46
2.3.5

Batch sorption studies
The effects of the initial molybdate (70 mg/L) solution pH on the sorption for both DFMBC

and DFBC were studied at room temperature (25 oC) from pH 1 to 13 (at 2 pH unit intervals). Mo
adsorption kinetics on both DFMBC and DFBC were tested by equilibrating 50.0 mg of DFMBC
and DFBC, respectively, with three initial molybdate concentrations (17.5, 35, 70 mg/L) in 50 mL
polypropylene vials at 25 oC and pH 3. To obtain adsorption isotherms, molybdate concentrations
ranging from 2.5 to 1000 mg/L (25.0 mL) were equilibrated with 50.0 mg of each adsorbent at pH
3 at 5, 25 and 40 oC to simulate various seasonal conditions.
All vials were agitated at 200 rpm in an orbital shaker (Thermo pharma), removed at the
corresponding time interval and filtered using a Whatman filter paper (diameter 110 mm, pore size
11 µm, grade 1). To quantify the concentrations of molybdenum solutions, Atomic Absorption
Spectrophotometry (AAS) (Shimadzu AA 7000) was used. A nitrous oxide supported acetylene
gas flame was used while monitoring adsorption at 313.3 nm with the optimum working range of
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0.2 to 100 mg/L. All tests were carried out in triplicate, recorded as mean values with standard
deviations. Data plots and curve fitting was done using Origin2019 student edition. The molybdate
adsorption per unit of adsorbent (qe) and the Mo adsorption per unit of adsorbent (qe) was each
calculated using the equation below:

𝑞𝑒 =

𝑉(𝐶0 − 𝐶𝑒 )
𝑀

(2.1)

where 𝐶𝑜 and 𝐶𝑒 are the initial and equilibrium concentrations of Mo in the solution in
units of mg/g, V is the volume of the solution in liters, and M is the total mass in grams of adsorbent
added.
2.3.6

Column studies
Fixed-bed continuous sorption tests of the DFMBC column were performed.

Approximately 10 g of warm adsorbent slurry (~18 cm height) was used to pack the column (~3
cm diameter). Low-density floating particles were removed from the top of the column. The
adsorbent slurry was slowly added and vibrated with a rubber hose, care was taken to ensure even
adsorbent packing and air bubble removal. At the bottom of the column, glass wool was inserted
to reduce column blockage and prevent the loss of biochar. The flow rate was ~1.7 mL/min, and
~1 L 500 mg/L molybdate (at pH 3 and 25 °C) was passed through the column. Fractions of ~10
mLs were collected and analyzed for molybdate concentrations, and a breakthrough curve was
constructed.
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2.3.7

Natural water sorption study
Natural water was collected from (domestic faucet in Altamirano (35°21'46.2"S,

58°09'18.8"W), Buenos Aires, Argentina) (~pH 9.5) was used to evaluate the sorption of molybdate

from complex water matrices. Important physiochemical parameters detected are shown in Table
2.1. The samples were collected in sealed plastic bottles and stored at 5 oC until these water
samples were used. The collected sample was spiked with molybdate to bring the final
concentration to 50 mg/L (slight pH change was observed after spiking). Adsorption was studied
at without pH adjustments and at pH 3. In addition, a sample of natural water was studied.
Molybdate-containing de-ionized water (pH 3, 9.2, and 9.5) samples were used as controls. After
spiking with molybdate, 25 mL of each solution was equilibrated with 50 mg of adsorbents at 200
rpm for 24 h at 25 oC in triplicate. The contents were then filtered and tested for molybdate
concentrations.
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Table 2.1

Major chemical-physical characteristics of the natural water sample
Parameters
Color
Turbidity
Smell
pH
Total dissolved solids
Total hardness (in CaCO3)
Total alkalinity (in CaCO3)
Chloride
Sulphate
Calcium
Nitrates
Nitrites
Ammonia
Arsenic
Fluoride
Sodium
Magnesium
Phosphate
Selenate
Molybdate

2.3.8

colorless
1NTU
Odorless
9.5
630 mg/L
150 mg/L
475 mg/L
25 mg/L
58 mg/L
26 mg/L
18 mg/L
< 0.05 mg/L
< 0.10 mg/L
0.16 mg/L
1.1 mg/L
201 mg/L
21 mg/L
0.49 mg/L
< 0.01 mg/L
< 0.01 mg/L

Ion Competition
Adsorption of molybdate onto DFBC, and DFMBC was studied in the existence of arsenate

(AsO43-), phosphate (PO42-), selenate (SeO42-), nitrate (NO3-), chloride (Cl-), fluoride (F-),
carbonate (CO32-), chromate (Cr2O72-), and sulfate (SO42-). The selection criteria for these ions
were on the basis of similar chemistry to molybdate (AsO43-, PO42-, SO42-, SeO42-, and Cr2O72-)
and the normal occurrence in aquatic environments (NO3- , Cl-, F-, and CO32-). Initially, the impact
of each ion was tested at three separate concentrations (0.01, 0.1 and 1 mM) with molybdate (50
mg/L). The simultaneous effect on molybdate adsorption was also tested by combining all ions at
three concentrations (0.01, 0.1 and 1 mM) into three distinct aqueous solutions of molybdate (50
mg/L) at 25 oC for 24 h at 200 rpm. Following filtration, the concentration of molybdate solutions
was determined using AAS (Shimadzu, AA7000).
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CHAPTER III
RESULT AND DISCUSSION
3.1

Characterization of biochar
The surface morphology of DFBC and DFMBC (Fig. 3.1) was characterized by scanning

electron microscopy. SEM images shows architectural changes due to widespread precipitation of
Fe3O4 particles (17.8 ± 2.6 nm in diameter) often grouped or aggregated (~2.3 to 7.1 μm) mostly
on the surface. In addition, spindle-like particles have been detected. Biochar has been used as an
efficient Fe3O4 dispersing matrix.1 Primary particle sizes were determined using a moderately
aggregated region on a TEM image (Fig.3.2) by ImageJ software-derived particle distribution
histograms for these locations. For the DFBC, the wood cell structure of the Douglas fir is still
apparent (Fig. 3.1(d)). These chars also have macropore surface characteristics with small canals.
The use of a lower iron dose in the precipitation process may further reduce primary particle
aggregation. Due to Fe3O4 coating on the DFBC carbonaceous surface, a drop in surface carbon
content from (94.7 - 5.0 %) was observed in SEM-EDX.2 The N2 BET surface areas for DFBC
and DFMBC were 672.2 m2/g and 323.1 m2/g, respectively, while their pore volumes are 0.240
cm3/g and 0.138 cm3/g. The reduction in total surface area, after impregnation of iron oxide to
produce DFMBC, suggests that the many biochar pores are closed or partially closed by magnetite
particles formed on the char surface.3
The TEM-EDX elemental maps (Fig. 3.4) of Mo-laden DFBC and DFMBC showed the
presence of ~1.0 % and ~2.2 % Mo, respectively, on the surface. A 500 mg/L Mo solution was
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used to adsorb onto the surface of 1 g of each biochar and agitated for 24 h at pH 3 (at 200 rpm).
The solid part of the samples was dried in the oven, followed by filtration to analyze in the TEM.
Molybdate was found in both carbonaceous and Fe3O4 regions, but preferably adsorbed to the rich
Fe3O4 regions (Fig. 3.3, 3.4). TEM-EDX is a qualitative technique (detection limit ~ 0.5 %).
However, the calculated molybdate sorption capacity was ~21.5 mg/g and ~47.3 mg/g for DFBC
and DFMBC, respectively.

Figure 3.1

SEM micrographs of (a), (b), and (c) DFMBC (d) DFBC (e) Mo-laden DFBC and
(f) Mo-laden DFMBC. Micrographs were taken at I2AT, MSU.
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Figure 3.2

TEM micrographs of (a) DFBC b) DFMBC c) Mo-laden DFBC and d) Mo-laden
DFMBC. Black and gray particles indicate DFMBC and DFBC on the copper grid.
Mo-laden DFBC and Mo-laden DFMBC samples were made with 1g of biochar and
500 mg/L Mo solutions at pH 3 (at 200 rpm, for 24 h at 25 oC). Micrographs were
taken at I2AT, MSU.
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Figure 3.3

TEM distribution maps of elements of a) DFBC b) DFMBC c) Mo-laden DFBC and
d) Mo-laden DFMBC. Maps were taken at I2AT, MSU.

28

Figure 3.4

3.1.2

TEM-EDX elemental composition spectra of DFBC, DFMBC, Mo-laden DFBC and
Mo-laden DFMBC.

XRD analysis
DFBC, DFMBC, Mo-laden DFBC, and Mo-laden DFMBC were analyzed by XRD. The

cellulose crystalline nature decreases during pyrolysis, DFBC has a broad peak at 2θ = 22.7o due
to the deformed cellulose structure.4 Iron oxide particles on DFMBC primarily contain the
magnetite phase, which is responsible for a major peak at 2θ = 37.50o with (311 or 111) miller
indices for the crystalline plane.5 Some other peaks at 30.50o (220), 43.40o (400), 53.52o (422 or
116), 57.20o (511) and 63.80o (440) matched with the standard diffraction patterns of Fe3O4 and αFe2O3.6 The molybdate-laden DFBC showed the presence of MgMoO4 [20.75o (-201), 26.49o
(220), 27.74o (-312), 42.19o (-223), 45.02o (241)]7 and CaMoO4 [50.18o (220)]8 (Fig. 2.5) which
forms due to stoichiometric precipitation side reactions during adsorption.
Molybdate-loaded DFMBC gave XRD peaks corresponding to FeMoO4 (18.4o) and
Fe2(MoO4)3 [21.14o (312)].9 It should be noted that XRD is not a sensitive probe for surface Fe29

molybdate complexes, due to their amorphous nature. To analyze the crystalline size the DebyeScherrer equation is used, [Dhkl = 0.9λ/(β cos θ), where, λ and β represent the wavelength of the
X-ray experimentation (nm), and the full-width at half the maximum value (rad) for XRD lines,
respectively. Whereas, the θ is half of the diffraction angle of 2θ]. The crystallite sizes for DFMBC
and molybdate-laden DFMBC are 18.2 nm and 23.7 nm, respectively. Upon molybdate sorption,
the crystallite size increases, and this further indicates molybdate chemisorption to iron oxide
surfaces. These data are also consistent with TEM particle sizes.
The Bragg equation10 is used to calculate interplanar spacing (dhkl) and the lattice parameter
𝜆

(a) for the intense phase 311 [The Bragg Equation, 𝑑ℎ𝑘𝑙 = 2 𝑠𝑖𝑛 𝜃 =

𝑎
√ℎ2 +𝑘 2 +𝑙 2

where, h, k, l are

Millar indices; λ, and θ are the wavelength of X-ray (nm) and half of the diffraction angle of 2θ,
respectively]. The iron oxide provides a lattice parameter value of 8.392 nm, and the interplanar
distance of 0.253 nm when deposited on the MBC, which are consistent with those for bulk
magnetite (JCPDS 79-0417; a = 8.394 nm and d311 = 2.531) that further justifies the precipitation
of iron oxide as magnetite.
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Figure 3.5

3.2
3.2.1

XRD spectra for Mo-laden DFMBC, Mo-laden DFBC, DFMBC, and DFBC. XRD
spectra were taken at I2AT, MSU.

Sorption studies
Effect of solution pH on molybdate adsorption
Surface organic functional groups of DFBC and its ash content are responsible for its point

of zero charge (PZC).11 The PZC estimated for DFBC and DFMBC were 9.24 and 6.55,
respectively. The basic PZC value of DFBC suggests the existence of magnesium (Mg) and
calcium (Ca) carbonates and oxides/hydroxides and phenolic (pKa ~10) functionalities.12
DFMBC’s PZC reflects the influence of the surface Fe-OH groups of the deposited magnetite
which has a PZC value of 6.5 and a pKa of 5.613 Depending on the solution pH, magnetite can
produce differently charged (positive, neutral, and negative) surface functions on its octahedral
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(Oh) (111) plane.14 Magnetite protonation at more acidic pH values generated positively charged
surface (-Fe-OH2+) sites which could induce or assist chemisorption by activating loss of H2O from
iron (Scheme 3.1), but not by electrostatic attractions. In ~pH 5.6 solutions, -FeOH or -Fe2O (O
between iron atoms) species are the dominant forms on the magnetite surface.15 Negative surface
charge density increases as pH rises and deprotonation of surface Fe-OH groups proceeds to
produce more Fe-O- sites.

Figure 3.6

pH dependence of molybdate (70 mg/L and 25 mL) adsorption onto DFBC and
DFMBC (50.0 mg) (at 25 °C and 24 h equilibration) and fractional composition
curves for molybdate speciation (Error bars represent the standard deviation of 3
replicates).

Molybdate sorption on both DFBC and DFMBC was slightly pH-dependent, with the
highest sorption occurring at lower pH levels. The highest capacity of 32.8 mg/g was obtained for
DFBC at pH 1 while a 34.4 mg/g adsorption capacity was calculated for DFMBC at pH 3.
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Molybdate speciation vs. pH is also displayed in Figure 3.6. H2MoO4 predominates in solution
through pH 2. HMoO4- begins to form at ~pH 1.75 and goes to 30 % at ~pH 4 (Fig. 3.6). MoO42is first formed at ~pH 3 and is the dominant species from ~pH 5-14. H2MoO4 can protonate
(H3MoO4+) but only in strongly acidic solutions. Furthermore, H3MoO4+ has less affinity to the
positively charged DFBC and DFMBC surfaces that would be generated by protonation at such
acidic pH values. From pH 3-5, all three speciations (H2MoO4, HMoO4- and MoO42-) can be found
in solution (Fig. 3.6).
The increase in molybdate removal at pH 3 for DFMBC may be due to HMoO4- adsorption
at magnetite Fe-OH sites. At lower pH, the dissolution of iron and stoichiometric precipitation of
iron molybdate compounds must be considered. The maximum capacity is reached at pH 3 due to
synergetic removal effects. A slight decline occurs for DFMBC when going to pH 5 and higher.
Here, chemisorption proceeds despite electrostatic repulsions and stoichiometric precipitation
triggered by iron dissolution.
Further increase in pH from 5 to 13 lead to more MoO42- interacting with the increasingly
negative magnetite and phenol containing carbonaceous surfaces of both DFBC and DFMBC.
Electrostatic repulsion from the magnetite phase may reduce molybdate uptake in this range
somewhat, but adsorption remained robust for DFMBC. Over the entire pH 1-13 range both DFBC
and DFMBC remains an effective molybdate adsorbent despite small fluctuations in the capacity.
The adsorption mechanism is discussed below in section 3.2.9. At pH 7, DFMBC is slightly
negatively charged. MoO42- probably adsorbs at neutral Fe-OH and negative Fe-O- surface sites
from pH 5-13. At very high pH values the negative charge surface concentration rises, but
adsorption remained robust, where Fe-O- sites dominate on the magnetite’s surface. For DFBC,
the sorption can occur through three routes: 1) electrostatic attractions to phenolic surfaces, as
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phenol functions are positively charged up to pH 10; 2) chemisorbed structures, at lower pH values,
Mg2+ and Ca2+ may produce stoichiometric molybdate compounds (Mg/CaMoO4 or
Mg/Ca(HMO4)2); and 3) at basic pH, Mg2+ and Ca2+ are present as hydroxides and can drive
molybdate chemisorption similar to magnetite. All three routes contribute to robust molybdate
sorption from pH 1-13 to DFBC and magnetite-free regions of DFMBC.
3.2.2

Adsorption kinetics
Molybdate removal capacity of DFBC and DFMBC plotted against equilibrium time at

initial concentrations of 17.5, 35, and 70 mg/L can be seen in Figure 3.7. All experiments (at pH
3, 25 ° C) showed very high initial molybdate adsorption rates (which makes accurate kinetic
model assignment difficult) for both DFBC and DFMBC. Equilibrium was achieved after 1-2 h in
all situations. Experimental results data obtained shows poor fits (Table 3.2) to the pseudo-secondorder model (equation (3.1)).

𝑡

(linear form) 𝑞 = 𝑘
𝑡

1
2
2 𝑞𝑒

𝑡

+𝑞

𝑒

(3.1)

In this equation, t is contact time, qe is the adsorbed capacity of molybdate (mg/g) at
equilibrium, qt is the equilibrium capacity of molybdate (mg/g) at time t, and k2 is the rate constant.
Equilibrium removal capacity at initial Mo concentration of 17.5, 35 and 70 mg/L for
DFBC was 7.5, 14.9 and 32 mg/g and 9, 17.5 and 34 mg/g for DFMBC (Fig. 3.7(a), 3.7(b). When
the initial concentration of molybdate increased from 17.5 mg/L to 35 mg/L to 70 mg/L adsorption
capacity increased for both DFBC and DFMBC.
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Figure 3.7

Adsorption kinetics, effect of contact time (5-1440 min) on adsorption capacity for
initial Mo concentrations of 17.5, 35, 70 mg/L (at 25 oC and pH 3) on to a) DFBC
b) DFMBC. The lines represent the best fit pseudo second order kinetics model, and
points represents data.

Table 3.1

Best-fit values of model parameters for kinetic dataa

Initial
k2 (g/mg.
concentration
R2
qexp (mg/g)
qcal (mg/g)
min)
(mg/g)
17.5
0.99
1.91×104
7.11 ± 0.220
6.61
5
DFBC
35.0
0.99
3.02×10
14.6 ± 0.210
14.3
3
70.0
0.99
2.73×10
31.2 ± 0.270
30.9
-1
17.5
0.99
1.40×10
8.71 ± 0.160
8.75
-1
DFMBC
35.0
0.99
3.41×10
17.4 ± 0.190
17.5
-2
70.0
0.99
5.27×10
33.4 ± 0.360
34.6
a
Based on the model fittings, significant figures for rate constants and regression coefficients are
provided, which may not reflect the real uncertainty of experimental results. The uncertainty of
qexp is due to the standard deviation of 3 replicates.
Adsorben
t

3.2.3

Adsorption Isotherms
Adsorption isotherm data at 5 °C, 25 °C and 40 °C were curve-fitted using both Langmuir16

(equation 3.2) and Freundlich17 (equation 3.3) models (Fig. 3.8 and Table 3.3). The best-fit
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isotherm was chosen based on its fit, the coefficient of correlation (R2). Experimental isotherms
data indicated poor fits for both Langmuir and Freundlich models. Langmuir and Freundlich
parameters are presented in Table 3.3

𝑞𝑒 =

𝑞0 𝐾𝐿 𝐶𝑒
(1 + 𝐾𝐿 𝐶𝑒 )
1⁄ )
𝑛

𝑞𝑒 = 𝐾𝐹 𝐶𝑒 (

(3.2)

(3.3)

Here, the amount of adsorbate (molybdate solution) in the adsorbent at equilibrium (mg/g) has
been resented by qe , qo is the theoretical isotherm saturation capacity (mg/g), Ce is equilibrium
concentration (mg/L), adsorption intensity (n), Langmuir isotherm constant (KL) in L/mg, and KF
is the Freundlich isotherm constant.
At 25 oC, the Langmuir maximum capacities were ~470 and ~534 mg/g for DFBC and
DFMBC, respectively. The adsorption capacities of both adsorbents increased with rising
temperatures, confirming endothermic adsorption. However, at higher molybdate concentrations
and temperatures, many phenomena may occur and may lead to overestimation of the Langmuir
capacity. The maximum capacities of Langmuir depend on the fittings, which may be less certain
at 40 oC. As slow diffusion into small DFBC pores occurs, equilibrium may not be completely
achieved, which gives rise to higher molybdate uptake. Again, the chemisorption process occurs
via chemical reactions where Fe-O-Mo, Mg/Ca-O-Mo, and possibly several other bond-forming
reactions occur to the carbonaceous surface., Such reactions may occur to suitable surface sites if
accessed by diffusion as temperature rises. Besides, at higher temperatures, various reactions can
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be induced. The complexity of the phases presents in this hybrid system (DFBC surface, magnetite,
and Mg/Fe oxides deposited from side reactions during the magnetite precipitation) is very likely.
Additionally, salts and metal oxides will undergo more Fe2+/Fe3+ or Mg2+ leaching into
molybdate solutions as temperature or molybdate concentration rises. These ions (leached) are
responsible for forming insoluble iron molybdate [(Fe3(MoO4)2, FeHMoO4, Fe(H2MoO4)2,
FeMoO4, Fe2(HMoO4)3 and Fe(H2MoO4)3] or magnesium or calcium molybdate species
[Mg3(MoO4)2, MgHMoO4 and Mg(H2MoO4)2] which then precipitate on adsorbent surfaces.
Similar adsorbate triggered iron dissolution was observed on both phosphate and arsenate sorption
onto magnetic biochar.5, 18 Finally, higher temperatures could enable more entry to the occluded
micro and smaller pores on the surface of the adsorbent of the magnetite. In summary, the high
adsorption potential should be considered valid, though approximate, due to the complexity of
DFBC and DFMBC.
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Figure 3.8

(a) and (c) Langmuir and (b) and (d) Freundlich adsorption isotherms on DFBC, and
DFMBC for Mo at 5, 25, 40 oC (pH = 3, equilibrium time 24 h, agitation 200 rpm)
(Error bars reflect the standard deviation of triplicates). The lines represent best fit
isotherm model, and points represents data.
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Table 3.2

Langmuir and Freundlich isotherm parameters for Mo adsorption on DFBC and
DFMBC.

Isotherm
model

Adsorbent

Isotherm
parameters
Q0 (mg/g)

DFBC
Langmuir
DFMBC
DFBC
Freundlich
DFMBC

3.2.4

KL
R2
Q0 (mg/g)
KL
R2
Kf (mg/g)
N
R2
Kf (mg/g)
N
R2

5 oC

25 oC

40 oC

459.3±
470.00 ± 65.44
487.90± 146.8
156.86
0.00251±
0.00272± 7.08
0.003± 0.001
0.001
0.977
0.996
0.976
288.3± 73.60
534.369±117.81
571.915± 55.93
0.001±0.0006 0.00298±0.000115 2.496±0.00003846
0.998
0.999
0.999
1.004
3.504
0.554
1.092
1.404
0.965
0.981
0.992
0.990
0.135
0.324
0.6811
1.024
1.180
1.385
0.999
0.999
0.999

Thermodynamics of Adsorption
The van’t Hoff’s equations are used to calculate the Gibbs free energy change (ΔG),

enthalpy (ΔH), and entropy (ΔS). First, the dimensionless constants (Kads) were achieved by
converting the Langmuir isotherm constant (KL) for each temperature via multiplying by the
density of the liquid phase (~107 mg/L).19 Spontaneous adsorption and its magnitude raised with
temperature (Table 3.4) indicate the negative ΔG values indicated.
The positive ΔH confirmed an endothermic adsorption. Physisorptions occur when ΔH<20
kJ/mol and chemisorptions occur when ΔH>40 kJ/mol.20 ΔH ~3.6kJ/mol clearly indicated that
molybdate adsorption on DFBC is a physisorption process, while DFMBC ΔH ~152 kJ/mol
corresponds to a chemisorption process. The sorption onto DFBC may primarily occur through
electrostatic attractions via phenolic groups, which is a physisorption process, and for DFMBC
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sorption occurs through chemisorption onto magnetite. The positive value of ΔSο showed
randomness slightly increased during molybdate sorption from the solution.
Table 3.3

DFBC

DFMBC

Figure 3.9

Thermodynamic parameters for the adsorption of Mo by DFBC and DFMBC from
5 to 40 °C.
T (0C)

R2

5
25
40
5
25
40

0.97
0.99
0.99
0.99
0.99
0.99

Kads

lnKads

ΔGo
(kJ/mol)

1000
2980
2496000
2510
2720
3000

7.83
7.91
8.01
6.91
8.00
14.73

-18.10
-19.60
-20.84
-15.97
-19.83
-38.35

ΔHo
(kJ/mol)

ΔSo
(kJ/mol·K)

3.62

0.63

152.02

84.94

van’t Hoff plot of lnKads vs 1/T for the Mo adsorption on DFBC, and DFMBC
from 5 to 40 oC.
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3.2.5

Competitive ion effect
Challenges with the remediation of real-world water will mainly be linked to the presence

of competing ion species. DFBC and multiphase DFMBC can interact with many different ions
commonly found in wastewater. Figure 3.10 shows the effect of nine competing ions at
concentration of 0.01, 0.1 and 1 mM on the removal of 50 mg/L aqueous molybdate using DFBC
and DFMBC. In the absence of anions in water, molybdate sorption capacity of DFBC and
DFMBC was ~21.7 and ~23.4 mg/g respectively. The presence of other ions in the solution had a
positive or negative impact on the performance of DFBC’s and DFMBC’s molybdate sorption. At
pH 3, the competitive ions exist as H2CO3, H2AsO4, H2SeO4/HSeO4-, NO3-, HCrO4-/Cr2O72-, Cl-,
F-, SO42- and H3PO4 and H2PO4- forms.
Most ions except sulphate and phosphate had a negligible effect on the performance of
molybdate sorption on DFBC. Small increases in the capacity could be attributed to an increase in
the ionic strength of the system. Since, most ions exist in their protonated and neutral forms, the
competitive effect on electrostatic attractions or chemisorption could be reduced. Nitrate, chloride
and fluoride ions are known to typically produce weak electrostatic interactions, and their effect is
negligible. Sulfate ion has a similar geometry to molybdate, is from the same group and is likely
to behave similarly to molybdate. In addition, with an increase in concentration from 0.01 to 1
mM, the capacity decreased further indicating competitive effects. The molybdate sorption
capacity decreased with an increase of ion mixture concentration from 0.01 mM to 1 mM.
The competitive ion effect for DFMBC was higher than DFBC. This could be because most
of the competing ions studied are known to form surface complexes of Fe3O4. No distinct effects
with increasing concentrations have been observed. An ionic strength increase effect may increase
capacity, but at some point, the competitive effect will dominate. Fluoride and chloride contribute
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to higher concentrations and may contribute to robust sorption at lower concentrations. Ion
mixtures showed a surprising trend and can be attributed to a rise in ion strength at higher
concentrations. However, at least ~60% of the original capacity was maintained, even under the
highest competitive conditions. This further suggests that DFBC and DFMBC are potential
molybdate sorption candidates.

Figure 3.10

3.2.6

Effect of nine individually competing ions and their mixtures, at different
concentrations (0.01, 0.1 and 1 mM) on the removal of 50 mg/L aqueous molybdate
solution for a) DFBC and b) DFMBC (50.0 mg dose of adsorbent, 25 oC, 200 rpm
agitation and 24 h equilibration).

Column Study
Fixed-bed continuous-flow experiments are needed to develop scale-up models for

constant industrial water purification. Kinetics and equilibrium batch adsorption does not provide
the necessary data for a properly designed flow system.21 Column testing provides contaminant
breakthrough and material restoration data. A breakthrough curve is used to describe the
performance of a fixed-bed.21-22 The breakthrough curve (Fig. 3.11) used 500 mg/L molybdate
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solutions (pH 3, 25 oC) on a laboratory scale. The column was packed with a warm aqueous
mixture of DFMBC and low-density DFMBC particles floating on the water surface were
removed. The glass wool plugged fixed-bed column (diameter 3 cm, length 18 cm) was packed
with 10 g DFMBC. The biochar mixture was added slowly, ensuring even packing and no air
bubbles in the column. The amount of Mo solution passed through the column was 1.0 L at a flow
rate of 1.7 ml/min. The portion of the total bed capacity or length used up to the breakthrough
point is the ratio between the usable and total time (tu/tt). Hb is the length of the bed used up for a
bed length of Ht to the break point. The ratio of Hb/Ht is equal to the ratio of tu/tt (equation 3.4).

𝑡
𝐻𝑏 = ( 𝑢⁄𝑡 ) 𝐻𝑡
𝑡

(3.4)

By integrating the area above the breakthrough curve the times tu and tt were determined using
equations 3.5 and 3.6.
𝑡𝑏

𝑡𝑢⁄𝑏 = ∫ (1 −
0
∞

𝑡𝑡 = ∫ (1 −
0

𝐶
) 𝑑𝑡
𝐶0

𝐶
) 𝑑𝑡
𝐶0
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(3.5)

(3.6)

Figure 3.11

Continuous-flow fixed-bed column breakthrough curve for Mo adsorption onto
DFMBC where C is the effluent concentration at time t, and Co is the initial
concentration (mg/L) of the effluent. The lines represent best fit, and points represent
data.

The mass balance calculations showed a capacity of 18.7 mg/g, and the breakthrough curve
integration gave a capacity of 19.7 mg/g. This column capacity is only ~4 % of the Langmuir
capacity. This could be due to a kinetic bottleneck in column sorption, due to the lack of agitative
conditions. Hence, the equilibrium time may not be sufficient to reach to a high sorption capacity.
More experiments are needed to design a system that makes use of the full length of the bed.
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3.2.7

Sorption from natural water samples
The efficiency of DFBC and DFMBC in an authentic environmental water system has been

investigated (Fig. 3.12). The initial pH and molybdate concentrations of natural water were ~pH
9.5 and ~0.01 mg/L, respectively. Natural water (domestic faucet in Altamirano (35°21'46.2"S,
58°09'18.8"W), Buenos Aires, Argentina, collected in plastic bottles, sealed, and stored at 5 oC)
pH was adjusted to pH 3, and batch sorption was studied under both conditions [i.e., without pH
adjustment (~9.5)]. However, the sorption capacity for this sample could not be assessed due to
the low molybdate concentrations initially present in the sample was below the AA detection
limits. These experiments were then repeated after spiking the water samples with molybdate ions
to bring the final molybdate concentrations to 50 mg/L. The sample was split into 2 parts, with pH
adjusted to 3 and without pH adjustment (~9.2). In either case, the capacity for DFBC did not
change significantly compared to the controls (in de-ionized water). The DFBC capacities ranged
from (20.5 to 20.9), and the control capacities were 21.9-23.4 mg/g. DFMBC showed less control
removal capacity 18.6-18.9 mg/g at pH 9.2-9.5. This could be due to electrostatic repulsion from
the magnetite surface, as its PZC is ~6.5. Natural pH water adsorption gave a capacity of 19.1
mg/g. The pH 3 natural water adsorption capacity was almost equal to the pH 3 distilled water
control. Despite a slight decrease in DFMBC capacity, both adsorbents can be considered robust
molybdate sorbents.
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Figure 3.12

3.2.8

Comparison of molybdate adsorption from natural water onto a) DFBC and b)
DFMBC under various conditions (from original solution, pH adjusted solution, 50
mg/L molybdate spiked solution and 50 mg/L molybdate solutions adjusted to pH
9.2 and 9.5) at 25°C (50 mg adsorbent, 200 rpm and 24 h equilibrium time. Error
bars are the standard deviation of 3 replicates)

Comparison of performance
Table 3.5 summarizes previous reports of molybdate uptake on different adsorbents.

Molybdate adsorption capacity ranged from 18.0 to 184.5 mg/g. DFBC and DFMBC have higher
sorption capabilities compared to these adsorbents. Although the sorption isotherms were
performed at 24 h, their kinetic equilibrium was achieved in 1-2 hrs.
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Table 3.4

Comparative evaluation of various adsorbents for Mo removal.
Adsorbents

Temp/oC

Equilibrium
time

pH

Surface area
(m2/g)

Zeolite supported Magnetite
Nano zero-valent iron
supported on biochar
enhanced by cety-trimethyl
ammonium bromide
ZnCl2 activated coir pith
carbon

25

24 h

3

113.5

5
25
45

24 h

4

35, 40,
50, 60

40 min

Adsorption
Capacity,
Qo (mg/g)
18.0
37.60
44.05
48.54
18.9

Ref.
23
24

25
26

24

15 min

5

55.66

25

24 h

5

25

1h

7

25.9

28

25
5
25
40
5
25
40

60 h

3

29

24 h

3

672.2

24 h

3

323.1

184.5
459.30
470.65
487.90
288.30
534.37
571.92

Maghemite nanoparticles

γ-Al2O3
Acid-treated high area
carbon cloth (Goethite (αFeOOH))
Chitosan
DFBC
DFMBC

3.2.9

100

31.0

27

This
work
This
work

Sorption mechanisms and sorbed structures
Molybdate sorption onto biochar can occur via electrostatic interactions, hydrogen

bonding, and chemisorption via water removal. Sorption onto the Fe3O4 phase in DFMBC
predominantly occurs through chemisorption. Sherman and Randall30 well defined the probable
surface structure of arsenates and their conjugate acids chemisorbed onto different iron oxides
(hematite, lepidocrocite, ferrihydrite, and goethite) by using DFT and crystal chemistry
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calculations showed as monodentate corner-sharing (1V) complexes, edge-sharing (2E) and
bidentate corner-sharing complexes (2C).
The scheme 3.1 presents possible chemisorbed molybdate species of the surface against
pH solution. Structure 1 is the simplified structure of the 3-D octahedral structure. Such
chemisorbed species were already proposed in many theoretical and empirical studies.31-36
Monodentate neutral 2, monodentate monoanion 3, and dianion 4, can be present along with
bidentate neutral 5, and bimetallic bidentate anion 6. Moreover, Bidentate monometallic
complexes at edges or corners are also plausible, but their stability has not been confirmed.
Besides, the stoichiometric reactions discussed in (section 3.2.3) must be considered.
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Scheme 3.1

Possible molybdate-DFBC and DFMBC interaction
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3.3

Conclusion
Magnetite nanoparticles (125-300 µm) have been dispersed on a high surface area (672.2

m2/g) commercial Douglas fir biochar to enhance its aqueous molybdate sorption from simulated,
competitive, and natural waters. The sorption was highly robust for the precursor DFBC and its
magnetite dispersed analogue DFMBC. Both sorbents showed robust molybdate uptake (1-2) with
almost no pH dependence. The kinetics followed pseudo 2nd order and isotherms were curve fitted
with Langmuir model (capacity of DFBC and DFMBC are 459.3-487.9 and 288.3-571.9).
However, data poorly fitted the models. The sorption was endothermic and thought to governed
by electrostatics, hydrogen-bonding and weak-chemisorption to phenolics on the DFBC surface.
However, on the magnetite surface, chemisorption predominates. In addition, stoichiometric
metal-molybdate precipitation was also considered at higher molybdate concentrations and high
temperature. Fixed bed DFMBC systems also showed reasonable capacity (19.7 mg/g) indicating
the potential applicability of this material in aqueous molybdate treatment.
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